Abstract-This paper evaluates performance of a conventional medium access protocol, ALOHA when multiple antennas are employed at a receiver. With the price of signal processing at the receivers, parallel transmissions in the same frequency is resolvable, given that channel matrix can be obtained. This whole system can be seen as a Multiple-InputMultiple-Output (MIMO) system which is known to increase capacity of a wireless system up to M folds where M is the maximum channel matrix rank. The results show that maximum throughput of the system increases linearly with the number of receiving antennas while the associated average collision increases slightly. However, if the traffic intensity remains fixed, average collision diminishes significantly as number of receiving antennas increases.
INTRODUCTION
For a random access protocol where each user can randomly transmit its packets into a multiple access channel, the performances suffer a great deal because of collisions. Capacity improvement of random access protocol has been depended upon the effectiveness of collision reduction. There are many methods of reducing collisions, for example, implementing time synchronization such as in Slotted ALOHA, employing carrier sensing and collision detection such as Collision Sense Multiple Access with Collision Detection (CSMA/CD) (which is difficult to implement effectively in wireless environment) or utilizing Request-toSend and Clear-To-Send (RTS/CTS) message as in the well known Carrier Sense Multiple Access with Collision Avoidance (CSMA/CA) protocol. However there is another potential method that collision can be avoided, that is by exploiting benefits from multiple antennas. In multi-users environment with N mutually interfering users, [1] showed that interference from N -1 users can be null out if at least N antennas is used at the base station. Moreover, in a rich scattering environment and with sufficiently space between users, if multiple users and one access points with multiple antennas are viewed as a multiple-input-multiple-output system (MIMO), overlapping multiple transmissions (spatial multiplexing) are feasible given that the channel matrix can be obtained and it is not singular (channels are independent). The mixing signals can be resolved as if solving M inputs M outputs simultaneous equations [2] . Thus capacity can significantly increase with no expense of bandwidth but hardware complexity. To obtain channel matrix/channel state information (CSI), channel estimation methods is needed. In a practical scenario, a portion of bandwidth is needed to be allocated for sending training sequences for channel estimations. Medium Access Control (MAC) protocols need to be designed to facilitate the channel estimation process. An example for such a protocol is the protocol proposed by [3] which is the extension of Slotted ALOHA protocol. The protocol accommodates non-overlapped pilot sub-slots to allow possible collision-free channel estimation. However, in this paper we evaluate the absolute upper bound performance of ALOHA protocol by ignoring the overhead that can occur from channel estimation.
II. RELATED WORKS
Assessing performance of wireless networks, such as ad hoc network and wireless mesh network, has been an important problem. In [4] , it was shown that throughput of a wireless network cannot exceed Θ(W/ n ) bit per second per node, where W is a fixed transmission rate in bit per second and n is a number of randomly located nodes. Paper [5] reveals that the throughput of Wireless Mesh Network (WMN) is Θ(1/n) bit per second where n is a total number of nodes in a network. The authors of [5] use the concept of "bottleneck collision domain" to calculate the nominal capacity of a WMN, based on absolute fairness assumption where every user gets equal share of bandwidth. More realistic per-node capacity of a WMN can be calculated using the method in [6] where per node capacities are based on blocking probability and probability of having a successful transmission. Using the method in [6] , evaluation of WMN is feasible by knowing blocking probability and successful transmission probability at each forwarding nodes. With this in mind, performance evaluation at a single access point is useful and can be extend to overall network and per node performances. Our interest is to evaluate the performance of a network when MIMO technology is employed in the network point of view. This work serves as a building block to evaluate a store and forward network based on random access protocol when an access points are equipped with multiple antennas. This paper also provides insight into the collision reduction capability of 978-1-4244-3693-4/09/$25.00 ©2009 IEEE the system. This is useful not only to a communication network but also for other wireless application where collision is the main concern, such as RFID.
III. DERIVATIONS
In this section, we derive mathematical expressions to evaluate the upper bound performance of a wireless system which employ a ALOHA protocol where MIMO technology is employed.
A. Problem Formulation
We assume that a MIMO receiver is equipped with Nr antennas and there are Nt transmitters, each with single transmitting antenna. For maximum capacity increase, the spatial multiplexing scheme is used for signal transmission. With this assumption, we obtain the channel matrix of the system with the maximum rank equal to the minimum number Nr or Nt; M=min(Nr,Nt) [3] . We also assume that all the transmitted stations have unlimited frames to send and they independently transmit fixed frame length with the probability of transmission within any period of T 0 equal to p .
B. Performance Analysis
We assume that the finest resolution that a signal can be de-mixed from other interfering signals is of the period T 0 . In other words, within a signal period T 0 , if a number of overlapping signals (either fully or partially overlapped) doesn't exceed channel matrix rank that we obtain, the signal of our interested can be resolved, otherwise it is declared unreadable. In addition, for simplicity, we set the frame length equivalent to T 0 . Fig1. shows frame overlapping scenario where our frame of interest (A1 Frame) is interfered by other frames transmitting in the period of T 0 before and after time t. Therefore in order to resolve our frame of interest there must be less than the total of M-1 frames that start transmission within interval of T 0 before or after the time t. Accordingly, the probability that our frame of interest is successfully transmitted can be express as probability that the frame is transmitted multiplies by the probability that the total interfering signals which occur from transmitting signals during the period [t-T 0 , t) and [t, t+ T 0 ) are less than M-1. The expression is shown in (1).
Probability of a station of interest having a successful transmission
, ,
for Nt Nr for Nr (1) where M = min(Nr,Nt), and , is the probability that there are exactly j station(s) out of i stations transmit in an interval T 0 with probability of transmission for each station equal to . Therefore , is a binomial distribution which is 1 where is the mathematic combination,
Consequently, the average throughput [frames / T 0 ] can be obtained by finding the expected value of the number of successful transmissions in any interval T 0 . Since every stations is assumed to have equal probability of transmission, , the expected value can be expressed as in (2) Average throughput 
IV. SIMULATION RESULTS
To obtain average maximum throughputs, equation (1) was searched for probability of transmissions that gives the highest output. Let us call this value p_max(Nr, Nt) which is the function of Nr and Nt. Fig.2 shows the 3D output revealing the relationship between number of receiving antennas (Nr), number of transmitter (Nt) and throughput. Fig. 3 shows maximum average throughputs as a function of a number of transmitters. Fig. 4 depicts maximum average throughput and the associated average collision in relation to number of receiving antennas (Nr). Fig. 5 demonstrates the collision reduction capability as the number of receiving antennas increases. The result in Fig. 5 are obtained when the probability of transmission is fixed at the optimal transmission probability of the conventional ALOHA where Nr = 1, Nt = 100, p_max(Nr=1,Nt=100). The results in Fig. 2 and Fig. 4 show that upper bound throughputs of the system increase linearly with Nr. The average throughput can potentially reaches approximately two frames per T 0, a conventionally transmission period of 1 frame, when using seven receiving antennas. This is not surprising because it is known that capacity of MIMO spatial multiplexing increases linearly with channel matrix rank M [2] . However, because increasing Nr permits each station to be more active (transmit with higher probability), the average collision associated with the peak performance levels also increases slightly as shown in Fig 4. This increase is however very small compared to the potential gain of the throughput. As the number of receiving antennas increases, the gap between average throughput and average collision widen noticeably. Nevertheless, to demonstrate collision reduction capability of the system more clearly, probability of transmission should be fixed at one value. In Fig. 5 , is fixed at _max(Nr =1, Nt=100) and the result shows that average number of collision reduces significantly as Nr increases. The results in Fig. 3 show that the overall performance of the system can possibly be maintained at high levels if the probability of transmission of each user can be cooperatively and adaptively adjusted. Despite of the results discussed, it is to note that, in the practice, it is most likely that a portion of bandwidth is needed to be allocated for channel estimation and the capacity of the system will depend upon quality of the channel information obtained. Therefore, protocol modification may be necessary to accommodate channel estimation process.
VI. CONCLUSION
In this paper, we have assessed the upper bound performance of the ALOHA employing MIMO with spatial multiplexing scheme. The results have shown that maximum average system throughputs increase linearly with number of receiving antennas and they can be maintained at the high level by adjusting probability of transmissions. The results also 
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Average collisions reveal that with the proper probability of transmission, the collision can potentially be reduced significantly. This protocol-level analysis should serve as a building block to evaluate a store and forward network based on random access protocol and provide insight into cross-layer study when MIMO technology is employed.
